
Modifying Surface Fluctuations of Polymer Melt Films with Substrate
Modification
Yang Zhou,† Qiming He,† Fan Zhang,† Feipeng Yang,† Suresh Narayanan,‡ Guangcui Yuan,§

Ali Dhinojwala,† and Mark D. Foster*,†

†Department of Polymer Science, The University of Akron, Akron, Ohio 44325, United States
‡X-ray Science Division, Argonne National Laboratory, Argonne, Illinois 60439, United States
§Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

*S Supporting Information

ABSTRACT: Deposition of a plasma polymerized film on a
silicon substrate substantially changes the fluctuations on the
surface of a sufficiently thin melt polystyrene (PS) film atop
the substrate. Surface fluctuation relaxation times measured
with X-ray photon correlation spectroscopy (XPCS) for ca.
4Rg thick melt films of 131 kg/mol linear PS on hydrogen-
passivated silicon (H−Si) and on a plasma polymer modified
silicon wafer can both be described using a hydrodynamic
continuum theory (HCT) that assumes the film is
characterized throughout its depth by the bulk viscosity.
However, when the film thickness is reduced to ∼3Rg,
confinement effects are evident. The surface fluctuations are slower than predicted using the HCT, and the confinement
effect for the PS on H−Si is larger than that for the PS on the plasma polymerized film. This deviation is due to a difference in
the thicknesses of the strongly adsorbed layers at the substrate which are impacted by the substrate surface energy.

Surface fluctuations on polymer melts play important roles
in determining wetting, adhesion,1 and tribology. The

surface fluctuations depend not only on the movement of
polymer chains at the surface but also on movement of chains
deeper in the film.2 Recent developments in XPCS have made
it possible to probe the surface fluctuations at temperatures
much higher than Tg,bulk.

2−12 Kim et al.2 found that the surface
relaxation times, τ, of entangled linear polystyrene (PS) melt
films can be described well with a HCT theory.13 HCT predicts
a universal curve for films with different thicknesses, h, when
the data are plotted as normalized relaxation time, τ/h, as a
function of dimensionless in-plane scattering vector, q∥h.
Surface fluctuations of sufficiently thin polymer films

manifest confinement effects. Wang et al.14 probed confinement
with surface fluctuations for films of 90 kg/mol PS by static
diffuse X-ray scattering. They attributed the suppression of
surface fluctuations to van der Waals interactions between the
melt surface and underlying substrate. Jiang and coauthors10

conjectured that physisorption of chain segments to the
substrate could restrict chain motion, resulting in an elastic
component to the viscoelastic behavior in films of entangled
chains having thicknesses equal to only a few times Rg. The
surface fluctuations of a small cyclic PS melt film5,9 evidence
confinement effects already at a film thickness of 14Rg. In
comparison, films of the linear analogue polymer do not
manifest confinement effects even at a thickness of 7Rg. The
different thicknesses for the onset of confinement effects were
attributed to the different thicknesses of strongly adsorbed

layers at the substrate for the two chain architectures, cyclic and
linear.
Recently, several research groups9,15−22 have utilized the

approach proposed by Guiselin23 to characterize the formation
and structure of strongly adsorbed layers. Fuji et al.15 and Gin
et al.17 showed that the thickness of a strongly adsorbed layer of
linear chains increases with molecular weight and annealing
time. They argued based on the observed differences in the
behavior for films on H−Si and silica substrates (silicon wafers
with native oxide layer) that the surface energy of the substrate
plays a role as well. The thickness of the strongly adsorbed layer
in a film annealed for a long time on a H−Si substrate is 0.34Rg

higher than it is on a silica substrate.15 There is growing
evidence3,16,24,25 that the adsorbed layer at the substrate
interface affects various properties of supported polymer thin
films via long-range perturbations. Thus, it should be possible
to modify the film properties by modifying the substrate to
change the character of the strongly adsorbed layer. In this
letter, we demonstrate that a film’s surface fluctuations can be
readily impacted by tailoring the substrate surface energy with a
very thin plasma polymerized coating that does not significantly
interpenetrate the film. This suggests a route for changing the
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film surface wetting and adhesion properties by just changing
the substrate.
Surface fluctuations of PS on H−Si and plasma polymerized

maleic anhydride (ppMA) coated silicon wafers were
investigated with XPCS. According to the HCT theory, the
surface of a viscous fluid film should exhibit overdamped
capillary waves with a relaxation time that depends on film
viscosity, surface tension, film thickness, and wave vector.2,13

When a nonslip boundary condition holds at the film−substrate
interface, the thickness normalized relaxation time is given as a
function of q∥h as

τ η
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=

+
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q h q h
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Surface tension and bulk viscosity values for 131 kg/mol linear
PS at different temperatures, listed in Table 1, were
interpolated from literature data.26,27

There is no difference in the normalized relaxation times for
PS films on H−Si and ppMA when the films are of thickness
about 4Rg (Rg is 9.85 nm for 131 kg/mol PS). Normalized
relaxation times for a 40.7 ± 0.1 nm thick film of PS on H−Si
and a 44.1 ± 0.1 nm thick PS film on ppMA are shown in
Figure 1. The data collapse onto a universal curve for each

temperature, and no confinement is observed. However, for
films of about 3Rg thickness (34.5 ± 0.1 nm on H−Si, 33.0 ±
0.1 nm on ppMA), the normalized relaxation times do not
collapse onto the universal curves and the discrepancy is larger
for the H−Si substrate, as shown in Figure 2. For both 170 and
180 °C, τ/h for the 3Rg film on H−Si is about five times larger

than the universal curve value. On ppMA, it is only two times
larger.

The difference in confinement on the two substrates is not
due to differences in the modulus of the substrate or to
differences in interpenetration with the substrate. Torkelson
and co-workers4 found that τ of a PS film tracks with the
modulus of a 500−700 nm thick layer underneath the PS film
when the temperature is slightly above Tg. Here, however, the
plasma polymerized coating deposited on silicon is only about
10 nm thick. Thus, the effective modulus of the ppMA coated
substrate should be close to that of the bare H−Si wafer, so a
modulus difference is not the cause for difference in
confinement. Uğur et al.28 found that the surface fluctuations
of a layer of untethered PS chains were slowed when that layer
interpenetrated with an underlying brush. Here the neutron
scattering length density (NSLD) profiles obtained from
neutron reflectivity (NR) for the interfaces between deuterated
PS (dPS) and the two types of substrate are quite similar and
both are sharp. The interfacial profile for a 20 nm thick 144 kg/
mol dPS film atop a ppMA coating (see Supporting
Information (SI), Figure S1) is represented well by an error
function with σ = 4 Å. This is consistent with values of interface
width seen previously for PS on Si.29

We propose that the difference in confinement seen for these
two substrate surfaces is due to differences in the structure of a

Table 1. Surface Tensions and Bulk Viscosities of 131 kg/
mol Linear PS at Various Temperatures

temp (°C) γlinear
a (mN/m) ηbulk (Pa s)

150 31.3 3.4 × 106

160 30.6 9.7 × 105

170 29.9 3.1 × 105

180 29.3 1.2 × 105

aThe uncertainty in the surface tension is about ±5%.

Figure 1. τ/h vs q∥h for PS on H−Si substrate and ppMA film. The
dashed curves are calculated based on the HCT theory with
corresponding γlinear and ηbulk.

Figure 2. τ/h vs q∥h for PS thin films with thicknesses about 4Rg and
3Rg on a H−Si substrate and ppMA coating at (a) 170 °C and (b) 180
°C. The dashed curves are calculated with the HCT using the bulk
viscosity, ηbulk.
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strongly adsorbed layer at the substrate interface. It is possible
to rationalize the data for the PS films of ∼3Rg thickness by
simply postulating that the film on H−Si has a uniform
viscosity five times the bulk value and that the film on ppMA
has a uniform viscosity two times the bulk value. However,
there is evidence that a model with at least two layers of
different viscosities better represents the structure behind the
dynamics.9,30

XR measurements can reveal the presence of a irreversibly
adsorbed layer remaining on a substrate after rinsing.15,17,31

This is a collapsed version of the layer present in the melt of
most strongly adsorbed chains, containing trains, loops, and
tails.32 After annealing, the irreversibly adsorbed layer seen on
Si after rinsing with toluene is ∼5 nm (∼0.5Rg) thick,
consistent with thicknesses seen by other researchers15,17,18,33

for similar molecular weight, annealing time, and temperature.
Strikingly, no irreversibly adsorbed layer is seen on the ppMA
coating. The ppMA coating is highly cross-linked and adheres
well to the silicon substrate even after soaking in toluene. Thus,
the absence of an irreversibly adsorbed layer is not due to
damage of the plasma polymerized coating. Rather, it reflects a
strong difference in the adsorbed layer that is present in the
melt film at the temperature at which the surface fluctuations
were measured.
As a first approximation, we can assume that the structure in

the melt film during XPCS measurement may be represented
with two layers, one at the substrate that has extremely high
viscosity (assume η → ∞) and a second of bulk viscosity next
to air. Then the appropriate thickness must be assigned to the
adsorbed layer assumed to have extremely high viscosity. He et
al.9 were able to rationalize the data from melt films of 6 kg/
mol cyclic PS chains using such a model. At 140 °C, this model
worked for several confined films if the extremely high viscosity
layer thickness was set equal to the thickness of the irreversibly
adsorbed layer. However, the thickness assumed for the
extremely viscous layer in the melt had to be increased
significantly to rationalize data at two higher temperatures. The
agreement between irreversibly adsorbed layer thickness and
thickness of the extremely viscous layer at one temperature
appears to have been fortuitous. Here, using an extremely
viscous layer thickness equal to the irreversibly adsorbed layer
thickness for the 3Rg PS film on Si does not provide agreement
with the universal curve (see SI, Figure S2). However, if we
allow the thickness of the extremely viscous layer to vary as a
fitting parameter, we can self-consistently fit the data for both
substrates and both overall film thicknesses at both temper-
atures. The 170 °C data from both the 3Rg and 4Rg thick films
collapse together using the two-layer model with a 27 nm
extremely viscous layer on H−Si and a 15 nm extremely viscous
layer on ppMA, as shown in Figure 3. We recognize that the
two layer model using an extremely viscous layer is an
approximation. Most probably, the actual structure involves a
more moderate gradient in viscosity between the “extremely
viscous” and “bulk viscosity” regions.
Nonetheless, what consideration of this simple model makes

clear is that whatever the substrate influence on the melt, this
influence must extend over a distance from the substrate
considerably larger than the thickness of the irreversibly
adsorbed layer present after rinsing. This suggestion is
consistent with the finding of Koga et al.3 that in a 57 nm
thick annealed melt film of 123 kg/mol PS on H−Si, the
viscosity in a region around 30 nm (or ∼3Rg) above the
substrate is a factor of 10 above that of the bulk. In a 32 nm

thick film, they find the enhancement in viscosity in the film
center to be even more dramatic. In their picture, the
entanglement of polymers with the network of the adsorbed
layer propagates the mobility reduction of the irreversibly
adsorbed layer over distances larger than the coil size.
Simulations32 show that the adsorbed layer contains polymer
chains with tails that are nonuniformly stretched and that these
tails extend farther up into the film for stiffer chains such as PS.
Those authors argue that chain conformations are perturbed up
to distances of 3Rg from the substrate for flexible chains and
even higher for stiff chains. This is consistent with our finding
that the surface fluctuations are strongly perturbed by a region
of very high viscosity at the substrate for films of thickness 3Rg.
In the melt state, there is a layer of adsorbed chains on both

the Si and ppMA substrates, but on ppMA after annealing,
none of this layer is bound tightly enough to withstand rinsing
with toluene. This is because the PS segment−substrate
interactions and PS chain conformations next to the substrate
are different for the two substrates. There are both simulations
and experimental findings to support this supposition. Richter
et al.34 found experimentally that the molecular orientation of
phenyl groups of PS next to a substrate varied as the substrate
surface was changed from hydrophobic to hydrophilic. They
correlated this different interface structure of PS with the
adhesion of PS to hydrophobic and hydrophilic substrates.
Tsige and co-workers35 found with molecular dynamics
simulations that the density and structural properties of the
phenyl rings depend on the type of substrate (quartz, silica, or
graphite). In our case, the water contact angle of the ppMA
coating is 42° ± 2, while that of H−Si is around 70°.36 We
propose that the conformations of the PS chains are different at
these two different substrate surfaces, leading to strong
differences in confinement. Our future work will focus on
characterizing with sum frequency generation spectroscopy37,38

the polymer chain conformation next to the plasma
polymerized coating.

■ EXPERIMENTAL SECTION
Films of linear PS (Mw = 131000 g/mol; PDI = 1.02; synthesized by
anionic polymerization) were spun-cast from toluene (EMD, 99.5%)
solutions onto clean39 silicon wafers from which the native oxide has
been etched and onto unetched silicon wafers coated using plasma
polymerization. The plasma polymerized coatings were deposited from
maleic anhydride monomer (Sigma-Aldrich) in a custom-built,

Figure 3. τ/h vs q∥h at 170 °C for PS thin films on H−Si and ppMA
assuming effective thicknesses reflecting reductions from the actual
thicknesses by the amounts shown in the legend.
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inductively coupled, and rf-driven ( f = 13.56 MHz) reactor.40 All films
were annealed in high vacuum (ca. 1 × 10−7 Pa) at 150 °C for 15 h
before the XPCS measurements. The interface width between a film of
deuterated PS (Mw = 144000 g/mol; PDI = 1.13; Polymer Source)
and the ppMA coating was quantified with NR performed at the
National Institute of Standards and Technology NG-7 horizontal
reflectometer (λ = 0.475 nm).
XPCS experiments were performed at beamline 8-IDI at the

Advanced Photon Source using a previously described geometry and
analysis procedure.2,5 A coherent X-ray beam (7.35 keV, 20 × 20 μm2)
probed the film surface with an incident angle of 0.14°, below the
critical angle of PS (0.16°). The intensity was recorded using a two-
dimensional CCD camera after equilibrating a sample for 20 min at a
given temperature. Fluctuations in the off-specular scattering were
analyzed to yield the intensity autocorrelation function, g2, given by

=
⟨ ′ ′ + ⟩

⟨ ′ ⟩
g q t

I q t I q t t

I q t
( , )

( , ) ( , )

( , )2 2
(2)

where I(q∥, t′) is the scattering intensity at wave vector transfer q∥ at
time t′, and the angular brackets refer to ensemble averages for the
delay time, t. The correlation functions were fit well by a single-
exponential decay, g2 = 1 + β exp(−2t/τ), with β being the coherent
contrast and τ being the relaxation time.
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